We have reported observing aldosterone breakthrough in the course of relatively long-term treatment with renin-angiotensin (RA) system inhibitors, where the plasma aldosterone concentration (PAC) increased following an initial decrease. Aldosterone breakthrough has the potential to eliminate the organ-protective effects of RA system inhibitors. We therefore conducted a study in essential hypertensive patients to determine whether aldosterone breakthrough occurred during treatment with the direct renin inhibitor (DRI) aliskiren and to ascertain its clinical significance. The study included 40 essential hypertensive patients (18 men and 22 women) who had been treated for 12 months with aliskiren. Aliskiren significantly decreased blood pressure and plasma renin activity (PRA). The PAC was also decreased significantly at 3 and 6 months; however, the significant difference disappeared after 12 months. Aldosterone breakthrough was observed in 22 of the subjects (55%). Urinary albumin excretion differed depending on whether breakthrough occurred. For the subjects in whom aldosterone breakthrough was observed, eplerenone was added. A significant decrease in urinary albumin excretion was observed after 1 month, independent of changes in blood pressure. In conclusion, this study demonstrated that aldosterone breakthrough occurs in some patients undergoing DRI therapy. Aldosterone breakthrough affects the drug's ability to improve urinary albumin excretion, and combining a mineralocorticoid receptor antagonist with the DRI may be useful for decreasing urinary albumin excretion. When the objective is organ protection in hypertensive patients, a two-pronged approach using combination therapy to inhibit both the RA system and aldosterone may be highly effective.
INTRODUCTION
The renin-angiotensin (RA) system has an important role in blood pressure regulation, and increased activity of the RA system has been reported to be involved in hypertension and organ impairment. 1 Angiotensin-converting enzyme (ACE) inhibitors and angiotensin II type 1 receptor blockers (ARBs) targeting the RA system are the key drugs used in the treatment of hypertension, heart failure, renal failure and vascular disorders. 2, 3 The direct renin inhibitor (DRI) aliskiren is a drug that lowers blood pressure by directly blocking the renin that functions as a rate-limiting enzyme in the RA system, and it has been reported to exhibit a reliable hypotensive action similar to that of ACE inhibitors and ARBs. [4] [5] [6] Moreover, good patient compliance can be obtained with aliskiren because adverse reactions are few compared with placebo and do not differ in frequency depending upon whether the usual dose or maximum dose is taken and whether the treatment is short or long term. 7, 8 Aliskiren differs from ACE inhibitors and ARBs in the effects that it exerts on each component of the RA system during treatment. Although aliskiren shares an inhibitory effect upon the RA system with these drugs, the characteristics of its action on the RA system are unlike anything observed heretofore. The clinical results of short-term aliskiren administration show significant reductions in plasma renin activity, plasma angiotensin I, angiotensin II (Ang II) and plasma and urinary aldosterone. 9 The effect of aliskiren on PRA is particularly different from that of ACE inhibitors and ARBs, and no compensatory elevation in PRA due to RA system inhibition is observed. Accordingly, the results suggest a powerful overall inhibitory action on the RA system, which is thought to make ACE breakthrough and aldosterone breakthrough less likely to occur. 10 If the potential for aldosterone breakthrough is reduced, then aliskiren can be expected to offer great advantages compared with ACE inhibitors and ARBs in terms of organ-protective effects. Another merit is that the entire RA system, including aldosterone, can be inhibited with a single DRI.
Thus far, we have reported observing aldosterone breakthrough in the course of relatively long-term treatment with an ACE inhibitor, where the plasma aldosterone concentration (PAC) increased following an initial decrease. 11, 12 Aldosterone breakthrough has the potential to eliminate the organ-protective effects of treatment. The same is true of treatment with an ARB, where it has been reported that long-term aldosterone inhibition is impossible. 13, 14 Even increasing the dosage of an ACE inhibitor or ARB, or using them concomitantly, is not considered an effective measure against aldosterone breakthrough, making it necessary to add a mineralocorticoid receptor (MR) antagonist (aldosterone blocker). [15] [16] [17] While the mechanism of aldosterone breakthrough remains unclear, the incomplete inhibition of the RA system is thought to be one factor. 12 Accordingly, aldosterone breakthrough may not occur during treatment with a DRI, which should afford more potent inhibition of the RA system compared with an ACE inhibitor or ARB. However, few studies have thus far focused on aldosterone breakthrough during treatment with a DRI.
We thereupon conducted a study in essential hypertensive patients to determine whether aldosterone breakthrough occurred during treatment with the DRI aliskiren and to ascertain its clinical significance if it did occur. We then investigated the combined effect of a DRI and MR antagonist in patients who exhibited aldosterone breakthrough.
METHODS
The study included 40 essential hypertensive patients (18 men and 22 women; mean age, 67±10 years) who were outpatients at our hospital and had not previously received aliskiren treatment. The patients were then treated for 12 months with either aliskiren alone or a combination of aliskiren and the long-acting calcium channel blocker amlodipine, which is not thought to affect PAC. [18] [19] [20] In all subjects, PRA and PAC were measured before the start of treatment, and primary aldosteronism was excluded. Other secondary hypertension was also excluded. After confirming that aliskiren was not contraindicated, we started treatment with 150 mg administered once daily in the morning. No other RA system inhibitors were added during the course of the study, and the dosage of aliskiren was adjusted to control blood pressure, with possible increases up to a maximum dosage of 300 mg. Subjects were asked to visit the hospital 2 weeks after starting aliskiren, and then, if there were no problems, a visit schedule of every 4 weeks was permitted. PRA and the PAC were measured before treatment and after 3, 6 and 12 months of treatment.
Blood pressure was measured in a sitting position at rest in the outpatient clinic. The mean of two stable values was taken as the blood pressure value. The radial artery pulse was measured over 30 s. The blood sampling conditions for PRA and the PAC were kept uniform throughout the treatment whenever possible, with blood samples taken after the subjects had remained seated for B10 min at the time of the outpatient examination. The assay sensitivity for PRA was 0.1-20 ng ml À1 per hour (Renin activity, TFB Corporation, Tokyo, Japan), and it was 25-1600 pg ml À1 for the PAC (SPAC-S Aldosterone Kit, Dai-ichi Radioisotope, Tokyo, Japan). All lifestyle guidance regarding diet during treatment, exercise therapy and so on was based on The Japanese Society of Hypertension Guidelines for the Management of Hypertension (JSH 2009), as was all treatment for hypertension administered during the course of the study. 2 As in our previous reports, 11, 15 aldosterone breakthrough was defined as any increase in the PAC from the baseline level after treatment with aliskiren, even if the PAC was within the so-called normal range. In this study, 50 mg of the selective MR antagonist eplerenone was additionally administered once daily in the morning to the 22 subjects who exhibited aldosterone breakthrough and showed no decrease in albuminuria. The amount of albumin excreted in the urine was evaluated at 1 and 3 months after the addition of eplerenone to the regimen. As eplerenone is contraindicated in the presence of hyperkalemia (X5.0 mEq l À1 ), moderate or severe renal impairment (creatinine clearance o50 ml min À1 ), and diabetes with microalbuminuria or proteinuria in Japan, for each subject, it was first confirmed that eplerenone was not contraindicated. Moreover, changes in the serum potassium level and other electrolytes were periodically monitored throughout the study. The study protocol was approved by the Committee on Medical Research Ethics of our hospital.
Measurements are presented as the mean ± s.d. Statistical significance was evaluated by one-way or two-way analysis of variance with repeated measures, as appropriate. The two-group paired t-test was used to test the significance of differences between pairs of groups with the level of significance set at o5%. Pearson's correlation coefficient was used to measure the linear interdependence between two variables.
RESULTS
All 40 of the included patients visited our outpatient clinic periodically and were followed for 12 months. Table 1 shows the clinical data before aliskiren administration and after 12 months of administration in the study subjects. All subjects were essential hypertensive patients for whom secondary hypertension had been excluded, and they were either without antihypertensive treatment or had been unable to achieve the target reduction in blood pressure even after being treated with amlodipine. Blood pressure before treatment with aliskiren was 158 ± 7/90 ± 7 mm Hg, and urine albumin was 102 ± 118 mg g Cr À1 .
Beginning 1 month after the addition of aliskiren, blood pressure decreased significantly, and the hypotensive effect was sustained even 12 months later ( Figure 1 ). PRA decreased significantly from month 3 onward, reaching its lowest level after 12 months. The PAC decreased significantly 3 and 6 months after the start of treatment with aliskiren. However, the significant difference disappeared after 12 months, with the value returning nearly to the pretreatment level (Figure 2 ).
When we investigated the PRA and PAC of each subject at 12 months, we found that PRA showed a significant decrease compared with that before the addition of aliskiren in all subjects, whereas the Table 1 The clinical data before aliskiren administration and after 12 months of administration in the study subjects PAC had increased from the pretreatment level despite continued inhibition of PRA, resulting in aldosterone breakthrough in 22 of the subjects (55%). Among all the clinical data, only albuminuria significantly differed if breakthrough occurred ( Figure 3 ). The breakthrough ( þ ) group showed no significant difference from the breakthrough (-) group in parameters such as blood pressure, electrolytes, general biochemical findings, brain natriuretic peptide and high-sensitivity C-reactive protein. We analyzed the correlation between the PAC and albuminuria in the 22 patients showing aldosterone breakthrough. Although the number of patients analyzed was too small to allow any definite conclusion, this analysis revealed no significant correlation (data not shown). Similarly, in our previous study involving patients with type 2 diabetes mellitus, there was no correlation between the PAC and albuminuria after aldosterone breakthrough. 15 For the 22 subjects in whom aldosterone breakthrough was observed in the absence of an improvement in albuminuria, eplerenone was added to the regimen. Blood pressure showed a decreasing tendency at 1 month and had decreased significantly after 3 months (from 136±9/81±7 to 130±7/76±7 mm Hg). However, a significant decrease in albuminuria was observed after 1 month, without significant blood pressure changes (Figure 4 ). There was no significant correlation between the level of albuminuria and blood pressure at 3 months (data not shown). Patients receiving the combination therapy with aliskiren and eplerenone showed no problematic adverse reactions such as hyperkalemia. The serum potassium level was 4.2±0.3 mEq l À1 before starting eplerenone and 4.4±0.4 mEq l À1 after 3 months of eplerenone treatment.
Although all patients in this study received advice for a low salt diet based on JSH2009 from our facility's dietician, salt intake was not directly evaluated during treatment with aliskiren. However, during the follow-up period, there was no major change in the lifestyle or diet of any patient that could have seriously affected the study. It is therefore likely that salt intake during the follow-up period was relatively constant in each patient. Salt intake was unlikely to have a major influence on the results and conclusions of this study, as aldosterone breakthrough was judged based on changes in the PAC of individual patients.
DISCUSSION
This study demonstrated that aldosterone breakthrough can occur in some patients undergoing DRI therapy, directly blocking renin, which functions as the rate-limiting enzyme in the RA system, when the treatment is of relatively long duration. Aldosterone breakthrough affects the drug's ability to improve albuminuria, and we found that combining an MR antagonist with the DRI was useful in decreasing albuminuria. These results are comparable to the findings obtained when MR antagonists have been added to ACE inhibitors and ARBs. [13] [14] [15] [16] [17] Certain clinical problems are thought to be common to all RA system inhibitors, including DRIs. When the objective is organ protection in hypertensive patients, a two-pronged approach using combination therapy to inhibit both the RA system and aldosterone is thought to be highly effective.
Below, we attempt to summarize three aspects of the results of this study. First, aldosterone breakthrough occurred even with DRI therapy. Although the plasma Ang II concentration was not measured in this study, PRA was powerfully and significantly inhibited in all subjects after 12 months of treatment, and the rate of decrease in the PAC from the pretreatment level at 6 months was far greater when compared with any results on ACE inhibitors that we have reported to date. This suggests that aliskiren powerfully inhibits the RA system, including aldosterone, for up to 6 months of treatment. However, the PAC returned to the pretreatment level after 12 months even though PRA was inhibited. When ACE inhibitors are used in patients with chronic heart failure, an increase occurs in plasma Ang II following an initial decrease, confirming a positive correlation between the Ang II concentration and the PAC. 21 In patients taking ACE inhibitors, aldosterone breakthrough is thought to occur by such mechanisms as Ang II production via non-ACE routes or even the ACE route itself. 12 Moreover, AT2 receptor-mediated aldosterone production has also been reported to occur when ARBs are administered. 14 However, none of the clinical studies reported thus far have found the frequency of aldosterone breakthrough to differ greatly between patients treated with ACE inhibitors and those receiving ARBs. 22 This strongly suggests that factors other than the RA system are involved in the main mechanism of aldosterone breakthrough. Aldosterone regulation is clearly dependent on the RA system, that is, Ang II, for up to B6 months, but the major part of that regulation may become dissociated from the RA system over the relatively long term, resulting in breakthrough. When treatment with ACE inhibitors is followed up over a longer period of time, an increase in PAC is observed in almost all subjects. 23 The results of future long-term treatment will be important, and it will be interesting to determine whether PAC remains inhibited or whether aldosterone breakthrough eventually occurs in most subjects, as it does with ACE inhibitors.
The second aspect of consideration is the clinical significance of aldosterone breakthrough. There are few reports on how the presence or absence of aldosterone breakthrough during treatment with ACE inhibitors or ARBs is involved in blood pressure control. 24 
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Rocha et al. 25 reported that stroke-prone spontaneously hypertensive rats fed a high-sodium diet developed severe hypertension, malignant nephrosclerosis and proteinuria, but all were alleviated by ACE inhibitors. However, they also demonstrated that the renal protective effect of ACE inhibitors was completely eliminated when aldosterone was administered. Clinically, this coincides with the condition under which aldosterone breakthrough is observed during treatment with ACE inhibitors. Both ACE inhibitors and ARBs have a potent renal protective effect, and the aldosterone-inhibiting effect is one responsible mechanism. Continuous inhibition of aldosterone is thought to be a major key to sustaining the renal protective effect of RA system inhibitors. Indeed, ACE inhibitors or ARBs are often the first drugs used for renal protection in chronic kidney disease, but even when these RA system-inhibiting drugs are used, there may be no reduction in albuminuria, or albuminuria may develop during the course of treatment. [26] [27] [28] It is well known that the renal protective effect of RA system inhibitors is not sustained over the course of chronic treatment. Aliskiren is expected to have a renal protective effect independent of blood pressure because it strongly accumulates in the kidneys, reaching a renal concentration that is 50 times that of the plasma. 29 Aliskiren triggers an increase in renal blood flow and a natriuretic effect, and its effect is stronger than that of ACE inhibitors or ARBs. 30 Following the uptake of aliskiren by renin-producing cells, the drug binds to renin granules inside the cells, inactivating stored renin before secretion. 31 Aliskiren in the Evaluation of Proteinuria in Diabetes was a double-blind, placebo-controlled study that investigated the effect on urinary albumin when aliskiren was added to a basic regimen of an ARB in patients with diabetic nephropathy. 32 Blood pressure was ultimately controlled to a mean of B135/78 mm Hg in both the groups, and in the aliskiren group, the early morning urinary albumin/creatinine ratio was significantly reduced. In the present study, aliskiren inhibited albuminuria by significantly inhibiting the PAC at 6 months. These results are similar to those of the Aliskiren in the Evaluation of Proteinuria in Diabetes study, and albuminuria can be significantly reduced by short-term treatment with aliskiren administered alone or as an add-on to another RA system inhibitor. However, in the present study, albuminuria did not decrease in subjects in whom aldosterone breakthrough was observed after 12 months of treatment. This course is common to ACE inhibitors and ARBs, suggesting that inhibition of aldosterone activity is involved in the antialbuminuria effect of aliskiren. Aldosterone breakthrough must be treated to sustain the organ-protective effect of aliskiren, among other reasons.
Finally, the third aspect of consideration is the use of DRIs in combination with an MR antagonist. The combined use of ACE inhibitors and ARBs has been expected to offer a combined effect affording further organ protection. However, no combined effect of ACE inhibitors and ARBs was reported by either the Valsartan in Acute Myocardial Infarction study 33 or ONTARGET. 34 Another relevant study was Aliskiren in Type 2 Diabetes using cardio-renal end points, which investigated the efficacy and safety of aliskiren in patients with type 2 diabetes and renal impairment or decreased renal function who were at high risk for cardiovascular and renal events. 35 In the wake of the Aliskiren in the Evaluation of Proteinuria in Diabetes study, there were great expectations for a combined effect with ACE inhibitors or ARBs; however, the interim analysis showed a high incidence of adverse events such as nonlethal stroke, renal complications and hyperkalemia in the combination treatment group, leading to the early discontinuation of the study. Subsequently, the combined use of aliskiren and ACE inhibitors or ARBs was contraindicated in patients with the complication of diabetes. With the exception of small-scale clinical studies, no evidence exists at present to support the combined use of ACE inhibitors, ARBs and DRIs.
However, numerous studies have demonstrated a combined effect of ACE inhibitors or ARBs with MR antagonists. Randomized Aldactone Evaluation Study, 36 The Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study, 37 Eplerenone in Mild Patients Hospitalization and Survival Study in Heart Failure 38 and the 4E-study 39 targeted the heart, and a number of other studies have targeted the kidneys. 15, 16, [40] [41] [42] [43] [44] Although no other study has thus far investigated the combined effect of DRIs and MR antagonists, the present study found a combined effect for the two, albeit limited to a small number of cases. If aldosterone breakthrough can occur during treatment with DRIs as it can with ACE inhibitors and ARBs, then the combined use of DRIs and MR antagonists may be useful. It should also be noted that the present study did not observe hyperkalemia or other adverse reactions that would present a cause for concern. In the future, we plan to increase the number of subjects to investigate the combined efficacy of DRIs and MR antagonists.
In conclusion, aldosterone breakthrough is thought to be a clinical problem common to all RA system inhibitors, including DRIs. Our results suggest that a two-pronged approach using combination therapy to inhibit both the RA system and aldosterone may be highly effective when the goal of treatment is organ protection in a hypertensive patient ( Figure 5 ). Figure 5 In a short period after treatment with a renin-angiotensin (RA) system inhibitor, the plasma aldosterone concentration (PAC) significantly decreased because the PAC is primarily controlled by angiotensin II. Shortterm suppression of the PAC is similarly observed in all RA system inhibitors, and the PAC can be suppressed by blockading one point in the RA system (left panel). However, with relative long-term treatment (46 months) using an RA system inhibitor, continuous suppression of the PAC becomes difficult, and aldosterone-stimulating factors from non-RA systems may greatly increase. Therefore, even if the inhibitor blocks the RA system, the PAC is not controlled completely. For the long-term suppression of harmful aldosterone actions, it is more effective to use one RA system inhibitor in combination with a mineralocorticoid receptor (MR) antagonist (right panel). RAA, renin-angiotensin-aldosterone, ANG, angiotensinogen; Ang I, angiotensin I; ACE, angiotensin-converting enzyme; Ang II, angiotensin II; AT1-R, angiotensin II type 1 receptors; Aldo, aldosterone; MR, mineralocorticoid receptors; DRI, direct renin inhibitor; ACE-I, ACE inhibitor; ARB, angiotensin receptor blocker.
